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In conclusion, exercise echocardiography has a clinically useful level of sensitivity and specificity for the detection of coronary artery disease in women. The technique provides diagnostic information in women presenting with atypical chest pain and in those who have a nondiagnostic exercise ECG.
(J Am Co11 Cardiol1989; 14:1440-7) In studies involving predominantly male patients, exercise echocardiography has demonstrated moderate sensitivity (61% to 86%) and high specificity (75% to 100%) for the detection of coronary artery disease (l-l 1). In these studies, the prevalence of coronary artery disease has been high, ranging from 63% to 84% (1-9). The value of exercise echocardiography for the detection of coronary artery disease in women has not been determined. The noninvasive diagnosis of coronary artery disease may be less accurate in women than in men because of a lower prevalence of significant disease in women, particularly in those who have atypical chest pain (12) . In addition, among patients with coronary artery disease, single vessel disease is more common in women than in men (12, 13) . The exercise electrocardiogram (ECG) is frequently abnormal (15% to 41%) in women who do not have coronary artery disease (14) (15) (16) (17) (18) (19) .
In a previous study (7) from this laboratory, exercise echocardiography was shown to be superior to the treadmill exercise ECG for the detection of single vessel coronary artery disease. The technique has also been shown to provide diagnostic information in patients who have a nondiagnostic exercise ECG because of rest, positional or hyperventilation-induced ST depression (9). The frequency of single vessel disease and an abnormal exercise ECG in women suggests that exercise echocardiography would be useful in the diagnosis of coronary artery disease in these patients. The high specificity of this technique may limit the number of women who are falsely identified as having coronary artery disease.
The purpose of this study was to determine the value of exercise echocardiography for the detection of coronary artery disease in women. The utility of the technique was 
Methods
Patient selection. The study group was selected from all female patients who underwent exercise echocardiography for the evaluation of chest pain from August 1985 through May 1988 at this institution. Patients who underwent coronary angiography within 3 weeks of echocardiography were included. Patients with a documented history of coronary artery disease, including those with a history of previous myocardial infarction, were excluded, leaving 57 patients for analysis. No patient was excluded because of a poor quality echocardiogram. The mean age was 57.0 years (range 33 to 75).
Clinical features (Table 1 ). The 57 subjects were classified into two groups according to the type of chest pain reported. Patients were considered to have typical angina if they reported substernal discomfort that was precipitated by exertion and relieved promptly by rest or nitroglycerin. Patients were considered to have atypical chest pain if their discomfort was not substernal in location and not precipitated by exertion. Chest pain was also classified as atypical if it was not relieved by rest or nitroglycerin. Thirty-eight patients presented with atypical chest pain and 19 presented with typical angina.
Treadmill exercise was performed in 38 patients and bicycle exercise in 19. The method of exercise was determined by the availability of equipment, and the judgment of the physician monitoring the examination. Patients who exercised on the bicycle and treadmill were comparable in all clinical characteristics listed in Table 1 . At the time of exercise testing, 47 patients (82%) were receiving medications for their chest pain. Five patients were receiving a beta-adrenergic blocking agent alone, and 27 were receiving one or more coronary vasodilators. An additional 15 patients were receiving a beta-blocker and one or more vasodilators. Two patients were taking digitalis.
coronary
The rest ECG was normal in 39 patients, and 16 had rest ST depression or elevation or T wave inversion. One patient had left bundle branch block and one had pathologic Q waves without other clinical or historical evidence of infarction.
Exercise testing. Treadmill exercise testing was performed with use of a modified Balke protocol (20). Upright bicycle exercise was performed at a constant speed of 60 rpm starting at 25 W. The work load was increased by 25 W every 2 min. Three bipolar ECG leads were continuously monitored. Exercise end points were: 1) development of limiting chest pain, fatigue or dyspnea; 2) development of three or more consecutive premature ventricular complexes; 3) attainment of 285% of the age-predicted maximal heart rate; and 4) decrease in systolic blood pressure > 10 mm Hg during exercise.
The exercise ECG response was graded us normal, ischemit or nondiagnostic by a cardiologist who had no knowledge of the results of exercise echocardiography or coronary angiography. An ischemic response was defined as rl mm of horizontal or downsloping ST segment depression 80 ms after the J point developing in a lead with a normal ST segment at rest. The ECG response was defined as nondiagnostic in the presence of rest ST segment depression ~0.5 mm. The exercise ECG was also defined as nondiagnostic if ST depression developed with exercise in patients who had left bundle branch block, treatment with digitalis or ST depression that could also be induced by hyperventilation or changes in position.
Coronary cineangiography. Coronary cineangiograms were performed with the Judkins technique. Each study was interpreted by an experienced angiographer who had no knowledge of the results of the exercise ECG and echocardiogram. Significant coronary artery disease was defined as 250% narrowing of the luminal diameter of the proximal or midportion of a major epicardial coronary artery.
Exercise echocardiography. Two-dimensional echocardiograms were obtained with commercially available equipment (Advanced Technology Laboratories Mark 300 or Ultramark 4). Standard parasternal long-axis and short-axis views and apical four and two chamber views were recorded with the patient at rest in the left lateral position. In patients undergoing bicycle exercise, additional rest apical views were obtained with the patient sitting on the bicycle. Peak exercise images in the apical views were obtained before termination of bicycle exercise. Immediately after cessation of bicycle or treadmill exercise, the patient resumed the left lateral position on the examination table. Postexercise echocardiograms were then recorded in all four standard views.
Echocardiographic analysis. The studies were prepared in a continuous loop format with either an off line analysis system (CAD 888, Microsonics Inc., Indianapolis, Indiana) or more recently, an on line analysis system (Microsonics Pre-Vue). Techniques used to prepare the studies have been previously described (9). Images were stored on 5.25 in. (13. 3 cm) floppy disks in a quad-screen format so that rest and postexercise images of each view could be analyzed side by side. For bicycle studies, the upright rest and peak exercise images of the two apical views were also paired and displayed in a quad-screen format.
Image interpretation. Echocardiograms were interpreted by an experienced echocardiographer who was unaware of the results of the exercise ECGs and coronary cineangiograms. The rest, peak exercise, and postexercise studies were assessed for the presence of normal regional wall motion or regional hypokinesia, akinesia or dyskinesia. A normal study was defined as one in which there was normal rest wall motion, and all regions had normal or hyperdynamic motion at peak and postexercise. An abnormal study was defined by the presence of regional hypokinesia, akinesia or dyskinesia on the rest or exercise study.
Segments of the left ventricle were assigned to regions of coronary perfusion. The right coronary territory included the proximal inferior septum and inferior wall. The lateral and posterior walls were assigned to the circumflex artery. The left anterior descending region included the anterior septum, apex and anterior walls.
Statistical analysis. Sensitivity was defined as the percent of patients with coronary artery disease who had a true positive test. Specificity was defined as the percent of patients without disease with a true negative test. Positive predictive value was defined as the percent of patients with a positive test who had coronary artery disease. Negative predictive value was defined as the percent of patients with a negative test who did not have coronary artery disease. Accuracy was defined as the sum of the number of patients with true positive and true negative tests divided by the total number of patients. The values obtained for sensitivity, specificity, predictive value and accuracy were compared between groups with use of Fisher's exact test. Characteristics of patients undergoing treadmill and bicycle exercise were compared with use of Fisher's exact test for dichotomous categories or a chisquare test. Age was compared with a t test.
Results
Coronary arteriography. Significant coronary artery disease was present in 28 (49%) of the 57 patients, 16 (84%) of 19 presenting with typical angina, and 12 (32%) of 38 with atypical chest pain. Two individuals had left main coronary artery disease. Of the remaining 26 patients who had coronary artery disease, 17 had single vessel disease, 6 had double vessel and 3 had triple vessel involvement. There were no significant differences between patients undergoing treadmill exercise and bicycle exercise in the prevalence and extent of coronary artery disease. Exercise electrocardiography. The mean heart rate achieved during exercise was 128 ? 23 beatslmin and the average rate-pressure (double) product was 22.0 ? 6.0 x lo3 mmlmin. The mean work load achieved was 4.7 + 1.6 METS. Twenty-three patients (40%) achieved ~85% of the age-predicted maximal heart rate. Thirteen patients developed angina during exercise; only 7 (54%) had significant coronary artery disease.
The exercise ECG was normal in 27 patients (47%), ischemic in 13 (23%) and nondiagnostic in 17 (30%). Nine patients with a normal, 8 with an ischemic, and 11 with a nondiagnostic ECG had significant coronary artery disease. When a positive test was defined as an ischemic ECG and a negative test was defined as a normal or nondiagnostic exercise ECG, the sensitivity of the exercise ECG was 29% (8 of 28) and the specificity was 83% (24 of 29). If a positive test was also defined as the development of an additional 1 mm of ST depression with exercise in those who had rest ST depression, the sensitivity improved to 36% (10 of 28) and the specificity was unchanged. Three patients who had a nondiagnostic ECG developed angina during exercise; two had significant coronary disease. The sensitivity further improved to 43% (12 of 28) and the specificity declined to 79% (23 of 29) when combined angina and a nondiagnostic ECG was considered a positive test and a nondiagnostic ECG in the absence of angina was considered a negative test.
When the nondiagnostic ECGs were excluded from analysis, the sensitivity of the exercise ECG was 47% (8 of 17), the specificity was 78% (18 of 23), and the accuracy was 65% (26 of 40). Eight of nine patients who had a false negative ECG achieved ~85% of the age-predicted maximal heart rate. The inclusion of angina in the definition of a positive test increased the sensitivity to 53% (9 of 17), but the specificity decreased to 65% (15 of 23).
Exercise echocardiography (Tables 2 and 3) . Rest and exercise echocardiograms were of adequate quality for interpretation in all 57 patients. The presence or absence of significant coronary artery disease was correctly determined in all eight patients (14%) who had studies of reduced quality. Two patients with single vessel disease and two with multivessel disease had a false negative echocardiogram ( Table 2 ). The sensitivity of echocardiography was 88% (15 of 17) in single vessel disease, and 82% (9 of 11) in multives-se1 and left main disease. The sensitivity, specificity and predictive value of echocardiography was determined for each method of exercise and there were no significant differences (Table 3) . However, all four false negative studies occurred with treadmill exercise, and three of four false positive studies occurred with bicycle exercise.
Of the four patients with a false negative echocardiogram, three achieved a maximal heart rate of 5 125/min and two of these were receiving a beta-adrenergic blocking agent; only one of four patients had a positive exercise ECG. One false negative study occurred in a patient who had mitral valve prolapse. In three others who had mitral valve prolapse, exercise echocardiography correctly identified one who had coronary artery disease and two who had no coronary disease.
Three of four patients with a false positive echocardio-gram had nonatherosclerotic cardiac disease. Clinical, echocardiographic and cineangiographic evaluation revealed alcoholic cardiomyopathy in one and hypertrophic cardiomyopathy in another; a third patient with long-standing hypertension and left ventricular hypertrophy developed wall motion abnormalities and significant ST depression with exercise.
No patient with a false negative echocardiogram developed angina with exercise. Six patients without significant coronary disease developed angina. including two who also had a false positive echocardiogram.
Comparison of results of cineangiography and echocardiography in patients with typical angina and atypical chest
pain (Table 4 ). Although coronary artery disease was less common in patients with atypical pain (32% versus 84%; p < 0.001) there were no significant differences in the sensitivity, specificity and predictive value of echocardiography between the two groups of patients. The correct diagnosis was made by exercise echocardiography in 32 (84%) of 38 patients with atypical pain and in 17 (89%) of 19 with typical angina. Figures 1 and 2 illustrate the exercise ECG and echocardiogram of a 44 year old woman who presented with atypical chest pain. The rest and exercise ECC were both normal. The echocardiogram was normal at rest and the apex developed hypokinesia during bicycle exercise. Coronary cineangiography demonstrated 60% narrowing of the mid left anterior descending coronary artery. (Table 5 ). Exercise echocardiography was more sensitive than the exercise ECG with (86 versus 29%, p < 0.001) or without (94 versus 47%, p < 0.007) inclusion of patients with nondiagnostic exercise ECGs in the analysis. The specificities of exercise echocardiography and the exercise ECG were comparable with (86% and 83%, respectively) and without (83% and 78%, respectively) inclusion of patients with nondiagnostic exercise ECGs in the analysis. The ECG 14, No. 6 November 15, 1989 : 1440 was not helpful in the diagnosis of coronary artery disease in 17 patients who had a nondiagnostic ECG. To determine the relative diagnostic value of exercise echocardiography when the exercise ECG was not helpful, results in patients with a diagnostic (normal or ischemic) and a nondiagnostic ECG were compared (Table 5) . No significant differences were found. The correct diagnosis was made by echocardiography in 14 (82%) of 17 patients who had a nondiagnostic ECG. In patients who had a diagnostic ECG, there was no significant difference between the accuracy of exercise echocardiography (88%) and that of the exercise ECG (65%) (p = 0.224). Sensitivity of exercise-induced wall motion abnormalities. In a previous study from this laboratory (7) the sensitivity of exercise echocardiography for the detection of coronary artery disease was 78% in a group of male and female patients based on exercise-induced wall motion abnormalities alone. In the current study, the target population was women presenting with chest pain without known coronary disease. Patients with wall motion abnormalities at rest were included to avoid altering the target population. Patients with a prior history of infarction who have the highest frequency of rest wall motion abnormalities were excluded. Of the 24 patients with coronary artery disease and abnormal echocardiographic studies, 12 had rest wall motion abnormalities. Eight patients had mild rest wall motion abnormal- ities (hypokinesia) and four had more severe abnormalities (akinesia in three; dyskinesia in one). Ten of 12 patients who had rest wall motion abnormalities developed exerciseinduced abnormalities in regions with normal rest wall motion. In this study, the sensitivity of exercise-induced wall motion abnormalities alone for the detection of coronary artery disease was 78% (22 of 28).
Comparison of echocardiography and electrocardiography

Discussion
Noninvasive detection of coronary artery disease in women. Previous studies (l-9) have examined the utility of exercise echocardiography for the diagnosis of coronary artery disease in predominantly male populations. In these patients, exercise echocardiography has had good sensitivity (61% to 86%) and specificity (75% to 100%). The role of exercise echocardiography in the evaluation of suspected coronary artery disease in women has not been determined. The purpose of this study was to determine the diagnostic value of exercise echocardiography in women presenting with chest pain.
The exercise ECG has moderate sensitivity (73% to 89%) and moderate to low specificity (50% to 85%) for the detection of coronary artery disease in women (14) (15) (16) (17) (18) (19) . Greater accuracy has been achieved with planar thallium scintigraphy with sensitivity in the 70% to 75% range and specificity exceeding 90% (19, 21, 22) . False negative thallium scans were attributed to single vessel coronary artery disease. Thallium imaging with emission computed tomography would be expected to improve the sensitivity (23). Ejection fraction response to exercise, as determined by radionuclide ventriculography, may not be helpful in distinguishing women who have coronary disease from those without coronary artery disease because failure to increase the ejection fraction with exercise appears to be a nonspecific finding in women (24). The detection of coronary artery calcification by fluoroscopy has been used to identify coronary artery disease in women (19, 25) . However, the sensitivity is low in women less than age 45 years and in those with single vessel disease (25).
Single vessel disease is relatively more common in women (22% to 42%) nlho have coronary artery disease compared with men (13% to 29%) who have coronary artery disease (12, 13) . The prevalence of coronary artery disease is also lower in women compared with men until age 70 years (12) . These two factors contribute to greater difficulty in the noninvasive detection of coronary artery disease in women compared with men. In this study, 49% of patients had coronary artery disease compared with a range of 63% to 84% in previous exercise echocardiography studies (l-9) .
Exercise echocardiography. Exercise echocardiography was moderately sensitive (86%) even though beta-blocking agents and coronary vasodilators were not discontinued before testing, and only moderate (250%) reduction in luminal diameter was used to define significant disease. The sensitivity obtained in this study is comparable with the range of sensitivity (61% to 86%) reported in previous studies including male and female patients (l-l 1). The sensitivity of exercise-induced wall motion abnormalities (7) (78%) was equivalent to the sensitivity obtained in a previous study that excluded patients with rest wall motion abnormalities. A large proportion of patients with coronary artery disease (61%, 17 of 28) had single vessel disease. In this study the sensitivity of echocardiography (88%) was maintained in the presence of single vessel disease.
Although there was no signij'kant diference in sensitivity between treadmill and bicycle exercise, false negative studies occurred more often with treadmill exercise. They occurred primarily in patients who achieved a heart rate ~85% of their age-predicted maximum including two patients who were receiving a beta-blocking agent. In a previous report from our laboratory (26), echocardiography performed during peak bicycle exercise was more sensitive than imaging immediately after bicycle exercise. Whether peak bicycle exercise imaging is superior to imaging after treadmill exercise is unknown. This comparison was made in a small study in which 3 of 24 patients with coronary disease had wall motion abnormalities detected at peak bicycle exercise that were not detected after treadmill exercise (27).
Exercise echocardiography also demonstrated reasonable specificity (86%). Nonatherosclerotic cardiac disease was present in three of four patients with wall motion abnormalities and no significant coronary artery disease, including two patients who had cardiomyopathy. The third patient had hypertension with left ventricular hypertrophy, normal coronary arteries and exercise-induced wall motion abnormalities. Exercise thallium scintigraphy and the ejection fraction response to exercise may also be abnormal in hypertensive patients who do not have obstructed coronary arteries (28, 29) . The cause of these abnormalities is unknown. Nonatherosclerotic cardiac disorders can be identified before exercise testing by the history, physical examination, ECG and rest echocardiogram. The patients who had cardiomyopathy were included in the analysis to avoid introducing bias in the selection of the patient group. These patients reflect the referral-based nature of this study group.
The spec$city attained in this study probably underestimates the true specificity of exercise echocardiography.
In some patients the decision to perform cineangiography was based on the results of echocardiography. Therefore, some patients with a normal echocardiogram did not undergo cineangiography and were excluded from the study.
Comparison with exercise electrocardiography. The exercise ECG had low sensitivity but comparable specificity with exercise echocardiography for the detection of coronary disease in this study group, which had a high frequency of single vessel disease. The large proportion of patients receiving antianginal medication (82%). and the large proportion (60%) who achieved ~85% of the age-predicted maximal heart rate may have contributed to the reduced sensitivity of the exercise ECG.
Patients are frequently referred to this institution for additional noninvasive testing because of an ambiguous or equivocal exercise ECG, as indicated by the large proportion of women (30%) who had a nondiagnostic ECG. The correct identification of 14 (82%) of 17 patients who had a nondiagnostic ECG by exercise echocardiography supports the conclusion that echocardiography maintains diagnostic value in this subgroup.
Patients with atypical chest pain. Compared with women who have angina, women with atypical pain have a lesser prevalence of coronary artery disease, which serves to increase the number of noninvasive studies that are false positive (12) . Women with atypical pain also have a lesser prevalence of multivessel disease and this may decrease the sensitivity of noninvasive testing (12) . In these patients a combination of noninvasive tests may be required (21, 30) . In this study the correct diagnosis was made by exercise echocardiography alone in 84% of patients with atypical pain and this level of accuracy was not different from that of echocardiography in patients with angina.
Limitations of the study. As was previously discussed, in an unknown number of patients results of echocardiography influenced the decision to perform cineangiography. This probably had the effect of decreasing the number of patients without coronary artery disease included in the study. The experience in this institution with a referral-based population may not be directly applicable to patients in a primary care setting. Although the results of bicycle and treadmill exer-cise echocardiography were comparable, there might have been significant differences had the patient population been larger.
The selection of 250% reduction in luminal diameter as the dejinition of significant coronary artery disease may be questioned (31). However, in-young women this moderate degree of coronary obstruction has prognostic significance. Proudfit et al. (32) determined that in women under age 50 years, the 5 year survival rate was 97% for those with ~50% reduction in luminal diameter compared with 74% for those with 250% luminal narrowing.
Conclusions. Exercise echocardiography has a clinically useful level of sensitivity and specificity for the detection of coronary artery disease in women that is comparable with that previously reported in predominantly male populations. The specificity can be improved if patients with certain nonatherosclerotic cardiac disorders are excluded. The technique has diagnostic value in women presenting with atypical chest pain and in those who have a nondiagnostic exercise ECG.
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